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The amnesiac Gene Product Is Expressed
in Two Neurons in the Drosophila Brain
that Are Critical for Memory
tides are slower and significantly longer-lasting than
those of classical transmitters. It is plausible that the
AMN neuropeptide triggers a longer-lived physiological
effect within postsynaptic neurons that leads to more
permanent memory storage. Therefore, the identifica-
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Department of Biology tion of AMN as a putative neuropeptide is consistent
with the memory phenotype of the amn mutant. Neuro-Massachusetts Institute of Technology
Cambridge, Massachusetts 02139 peptides can also be released into the circulatory sys-
tem and can function globally as neurohormones, a fact†Division of Molecular Genetics
University of Glasgow that may account for the role of the amn gene in female
fertility and ethanol resistance.Glasgow G11 6NU
United Kingdom Phylogenetically conserved structures in the insect
brain, called mushroom bodies (MBs, shown schemati-‡Division of Neurosciences
Beckman Research Institute of the City of Hope cally in Figure 1), are key components of olfactory asso-
ciative learning. Genetic disruption, or pharmacologicalDuarte, California 91010
ablation, of MBs abolishes olfactory learning (Heisen-
berg et al., 1985; de Belle and Heisenberg, 1994). The
protein products of all the olfactory learning genes thatSummary
have been cloned and localized to date are preferentially
expressed in the MB-intrinsic neurons, the KenyonMutations in the amnesiac gene in Drosophila affect
cells—KCs (Nighorn et al., 1991; Han et al., 1992; Skou-both memory retention and ethanol sensitivity. The pre-
lakis et al., 1993). In fact, enriched expression in thedicted amnesiac gene product, AMN, is an apparent
MBs has been used as a basis for identifying additionalpreproneuropeptide, and previous studies suggest that
learning-related genes (Skoulakis and Davis, 1996; Gro-it stimulates cAMP synthesis. Here we show that, unlike
tewiel et al., 1998). KC-restricted expression of a consti-other learning-related Drosophila proteins, AMN is not
tutively active Gsa subunit, expected to perturb cAMPpreferentially expressed in mushroom bodies. Instead,
signaling, completely blocks olfactory learning (Con-it is strongly expressed in two large neurons that project
nolly et al., 1996). In contrast, MB ablation does notover all the lobes of the mushroom bodies, a finding
increase ethanol sensitivity (Moore et al., 1998), nor doesthat suggests a modulatory role for AMN in memory
it affect visual, motor, or tactile learning (Wolf et al.,formation. Genetically engineered blockade of vesicle
1998), suggesting that other regions of the fly brain me-recycling in these cells abbreviates memory as in the
diate these behaviors.amnesiac mutant. Moreover, restoration of amn gene
In this report we identify an essential site of expressionexpression to these cells reestablishes normal olfactory
of the amn gene for olfactory memory. We generated anmemory in an amn deletion background. These results
AMN-specific polyclonal antibody and used it to local-indicate that AMN neuropeptide release onto the mush-
ize AMN in the adult fly brain. We find that the amnroom bodies is critical for normal olfactory memory.
gene is strongly expressed in two large symmetrical
neurons that ramify throughout the lobes of the mush-Introduction
room bodies. This finding suggests that AMN enhances
memory formation by neuromodulation of informationThe first amnesiac mutant (amn1) was isolated in a be-
processing within the MBs. The importance of amn ex-havioral screen for memory mutants (Quinn, et al., 1979).
pression in these cells was confirmed by demonstratingamn1 flies learn about as well as wild-type flies, but their
that conditional inactivation of vesicle recycling in thesememory decays to indetectability in the first 30 min after
neurons mimics the amn memory phenotype. Further-training. The amn gene was cloned from a transposon-
more, we show that restoration of amn gene expressioninduced allele isolated because of its suppression of
in these cells is sufficient to reestablish wild-type mem-dnc female sterility (Feany and Quinn, 1995). Recently,
ory to amn flies.other amn mutants were isolated because of their hyper-
sensitivity to ethanol (Moore et al., 1998). The predicted
Resultsamn gene product, AMN, has sequence features of a
preproneuropeptide with some similarity to pituitary-
Localization of amn Expression: AMN Is Predominantlyadenylyl-cyclase-activating peptide, PACAP (Feany and
Expressed in DPM CellsQuinn, 1995; Moore et al., 1998). Neuropeptides are of-
The amn mRNA transcript is extremely rare, detectableten coreleased at synapses with classical neurotrans-
only by nested RT-PCR techniques (Moore et al., 1998).mitters. However, the postsynaptic effects of neuropep-
This rarity has precluded localization of the sites of am-
nesiac expression in the brain by in situ hybridization to§ To whom correspondence should be addressed (e-mail: waddell@
mRNA. To circumvent this problem we affinity-purifiedmit.edu).
polyclonal antibodies raised against synthetic peptidesk Present address: Department of Biochemistry and Cell Biology,
Rice University, Houston, Texas 77005. with sequences corresponding to the predicted amn
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rum in two ways: first, by noting the absence of immuno-
reactivity in amnX8 (Figure 2b), a mutant that lacks the
entire predicted amn open reading frame (Moore et al.,
1998), and second by comparing AMN immunostaining
with the expression pattern of reporter genes driven
by amn promoter sequences (Figures 2c and 2d). The
enhancer-trap based staining of reporter gene (ETRG)
method typically labels whole cells in which amn is pre-
sumably expressed, whereas immunostaining of AMN
within cells should specifically label sites of peptide
synthesis, storage and release. Although ETRG staining
does not always reflect the exact expression pattern of
a disrupted gene, a correspondence of ETRG pattern
with direct immunostaining methods is good evidence
of specificity.
The fly strains used in this study are described in
Table 1. Two previously described amn mutants, amnchpd
and amn28A, contain P element–based enhancer-trap in-
sertions (Moore et al., 1998). amnchpd contains a nuclear
Figure 1. Functional Anatomy of the Drosophila Mushroom Bodies lacZ reporter, while amn28A contains a P{GAL4} element
(MBs)
that allows the use of different cytoplasmic reporters to
Olfactory information from receptors located on the antennae and delineate expression pattern. In addition, we identified
on the maxillary palps travels via the antennal lobes (al) up the
a new P{GAL4} insertion in the amn gene—purely on theantennoglomerular tract (agt) to the MB calyces (ca). Each calyx is
basis of expression profile. Among the P{GAL4} en-surrounded by a rind of MB-intrinsic Kenyon cell bodies (kc), and
hancer-trap lines generated as part of the Flytrap projecteach calyx contains the dendritic arbors of the Kenyon cells. KC
axons arising within the calyx project from the calyx down the stalk- (J. D. A. et al., http://brainbox.gla.ac.uk/flytrap), we iden-
like pedunculus (ped). At the rostral margin of the central brain, the tified c651 because its expression pattern was very simi-
pedunculus splits into five lobes (a, a9, b, b9, and g) and the spur lar to amnchpd. Molecular cloning of the c651 P element
(sp). A DPM cell body is shown on the left-hand MB. A DPM cell
ends revealed that it was inserted into the amn gene.with projections is shown on the right-hand MB structure.
We used this new line, which we designate amnc651, to
verify the accuracy of the reporter expression profile
open reading frame (Feany and Quinn, 1995; Moore et from amn28A and amnchpd.
al., 1998). We used purified antiserum for immunohisto- The previously cloned learning mutant genes, ruta-
chemical analysis of the adult Drosophila brain (Figure baga, dunce, and DCO, that encode components of the
cAMP cascade show dramatically enhanced expression2a). We confirmed the specificity of the purified antise-
Figure 2. The amnesiac Gene Product Is Expressed in DPM Cells that Are Near but Not in the Mushroom Bodies
(a) Anti-AMN immunostaining of a 14 mm frontal cryosection from a wild-type brain at the level of the MB calyces (ca). The large (z12 mm)
bilateral DPM cell bodies are clearly visible with immunostaining (black reaction product). The outermost stained region of the left-hand DPM
cell is likely a swelling on the projecting neurite (see Figures 3a and 3b). The KC bodies do not stain with AMN-specific antisera.
(b) Lack of AMN-specific DPM cell staining in an amnX8 mutant brain, deleted for the amn gene. Conditions exactly as in Figure 2a, except
for brain genotype.
(c) Reporter-gene staining in an amnchpd brain. An X-Gal-stained 14 mm frontal section through an amnchpd brain at the level of the MB calyces
(ca). In this genotype, the lacZ enzyme encoded by the P element is localized to nuclei. The DPM cell nuclei are strongly stained (blue reaction
product). No X-Gal staining is detected in the KC rind.
(d) Reporter-gene staining in an amnc651 brain. An amnc651 ETRG optical section at the level of the MB calyces (ca). The DPM somata are clearly
visible; and they each send a large process initially in the direction of the ipsilateral MB calyx.
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Table 1. List of Strains Used in This Study
Mutant Chromosomal Location/Description Tissue Specificity References
amnchpd X chromosome, 19A P{lacW} amn gene pattern Moore et al. (1998)
element
amnc651 X chromosome, 19A P{GAL4} amn gene pattern This report
element
amn28A X chromosome, 19A P{GAL4} amn gene pattern Moore et al. (1998),
element additional widespread DeZazzo et al. (1999)
expression
amnX8 X chromosome, 19A amn gene Moore et al. (1998),
deletion DeZazzo et al. (1999)
c316 3rd chromosome P{GAL4} element Largely DPM-cell This report
restricted
c747 (5 c772) 2nd chromosome, 41F P{GAL4} Widespread, higher in Yang et al. (1995),
element mushroom bodies Connolly et al. (1996),
Armstrong et al. Flytrap
c309 P {GAL4} element Widespread, higher in Connolly et al. (1996),
mushroom bodies Armstrong et al. Flytrap
in mushroom bodies (Nighorn et al., 1991; Han et al., cells, which we term dorsal paired medial (DPM) cells,
stain with AMN-specific antisera (Figure 2a) and are1992; Skoulakis et al., 1993). In contrast, AMN immuno-
reactivity is notably absent there (Figure 2a) as is re- labeled in enhancer-trap patterns of all three relevant
amnesiac lines, amnchpd (Figure 2c), amnc651 (Figure 2d)porter gene expression in amnchpd (Figure 2c) and amnc651
(Figure 2d). The Kenyon cell bodies, shown schemati- and amn28A (data not shown).
The expression patterns of amnc651 and amnchpd sug-cally in Figure 1, are situated above the MB calyces
(labeled “ca” in Figures 1, 2, and 3b). The AMN protein gest that amn is expressed preferentially in DPM cells,
but also at low levels throughout the brain neuropil.is expressed in neurons that are near, but not intrinsic
to, the mushroom bodies. The most prominent of these However, the expression pattern of these amn lines dif-
fers from the pattern of the amn28A line documented byis a pair of large cell bodies near the protocerebral bridge
of the central complex (Figures 2a, 2c, and 2d). These DeZazzo et al. (1999). Our analysis of amn28A adult brains
Figure 3. The DPM Neurons, which Express
amnesiac, Innervate the Mushroom Bodies
(a) A three-dimensional reconstruction of a
c316-ETRG brain showing the projections of
the DPM neurons. The view is from the poste-
rior of the brain. Each DPM cell sends a single
fiber toward the ipsilateral MB. This fiber
splits and sends processes that intertwine
with the a, a9, b, b9, and g lobes and spur of
the mushroom bodies, forming a highly rami-
fied network of fibers and synaptic boutons.
DPM cells project exclusively to the ipsilateral
MB lobes. We identified an enhancer-trap line
(169Y) that often labels a single DPM cell. We
never observe staining of the contralateral
MB lobes (data not shown) in these brains.
(b) Detail of a DPM cell body and its proximal
neurite. This is a three-dimensional recon-
struction from a c316-ETRG preparation. The
MB calyx (ca) is unstained. The DPM cell body
is large and the projecting fiber is thick, which
indicates that it is likely fast acting. The proxi-
mal neurite has a prominent swelling, which
is also visible with AMN-specific immunohis-
tochemistry in Figure 1a.
(c) Detail of the DPM innervation pattern of
the MB lobes from a c316-ETRG preparation.
This is a higher magnification of the right-
hand lobe shown in Figure 3a. The incoming
DPM neurite splits and projects to the tip of
the g lobe and base of the a lobe and spur.
A further branch off the fiber projecting to
the base of the a lobe projects to the tip of
the a9 lobe. Past these points, the processes
ramify into a complex network of fibers and
boutons that cover all the lobes and the spur
of the MB.
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revealed enhancer-expression in many places that were
not labeled in amnc651 and amnchpd brains, including some
Kenyon cells (data not shown). Therefore, we suspect
that additional regulatory sequences are driving ectopic
expression in amn28A and that the pattern seen in amnc651
and amnchpd (Figure 2) is the real one.
It is possible that separately cleaved and processed
AMN peptides are present in different brain cells. Our
antibody was raised against a synthetic polypeptide cor-
responding to the putative C-terminal cleavage product
(Feany and Quinn, 1995; Moore et al., 1998). We predict
our antibody might recognize unprocessed AMN, be-
cause it appears to immunostain only the DPM cell bod-
ies and not their processes. If the antibody does in fact
Figure 4. Functional Inactivation of DPM Cell Function Mimics thereact to unprocessed AMN, we should detect most of
amn1 Phenotype
the cells expressing the amn gene, irrespective of varia-
We restricted expression of a uas-shits1 transgene to DPM cells with
tions in AMN peptide processing. the c316{GAL4} driver in an otherwise wild-type genetic background.
We assayed memory in the olfactory learning paradigm at both the
permissive temperature of 258C and at the restrictive temperature
of 348C. The performance of wild-type flies (black bars) and singleDPM Cells Innervate All the MB Lobes
transgenic flies was tested in parallel as a control for temperatureWe have isolated a P{GAL4} enhancer-trap line, c316,
effects. At 258C, c316{GAL4}; uas-shits1 flies (white bars) exhibitthat almost exclusively stains the DPM cells. We have
learning and memory scores statistically similar to wild-type (both
used this line to examine the DPM cells at higher resolu- P . 0.2). At 348C, c316{GAL4}; uas-shits1 learning is statistically simi-
tion (Figures 3a–3c). The cell bodies of the DPM neurons lar to wild-type (P . 0.2). In contrast, 60 min memory is zero (P ,
are large (z12 mm), and they send a single large-diame- 0.001). c316{GAL4} (hatched bar) and uas-shits1 (gray bar) heterozy-
gote flies have memory scores similar to wild-type (P . 0.2 and P .ter neurite toward the MB lobes. This neurite splits into
0.1, respectively). The mean 6 SEM is plotted for each genotype;two main branches. One branch leads to the vertically
n 5 10 values per group (except, n 5 16 for uas-shits1 heterozygotes).projecting a and a9 lobes, while the other projects to
the horizontally arranged b, b9, and g lobe complexes.
The processes form a network of fibers and synaptic temperature of 348C (Figure 4). We tested memory in an
boutons throughout all of the lobes (Crittenden et al., olfactory learning paradigm (Quinn et al., 1974) in which
1998), and into the spur and anterior region of the pedun- the original amn1 mutant has a 1 hr memory score of
culus (Figures 3a and 3c). There are no detectable pro- zero (Quinn et al., 1979).
jections from the DPM cells to any other brain neuropil Wild-type flies (Figure 4, black bars) learn and remem-
region. ber at 258C and 348C. Double transgenic c316; uas-
shits1 flies (Figure 4, white bars) learn and remember
indistinguishably from wild-type flies at 258C (P . 0.2
Abolishing Vesicle-Mediated Secretion from and P . 0.2). However, at 348C the c316; uas-shits1 flies
the DPM Cells Phenocopies the Mutant have undetectable memory (P , 0.001) after 1 hr al-
amnesiac1 Memory Lesion though their initial learning scores are the same as wild-
To ablate the two DPM cells from the adult fly, we ex- type flies (P . 0.2). Neither the c316 insertion alone, nor
pressed the Drosophila cell death genes, hid or rpr the uas-shits1 transgene alone produces this memory
(McCall and Steller, 1997), with the amnc651 or c316 driv- loss. Flies heterozygous for either the c316 driver (Figure
ers. This deletion approach, however, lead to lethality. 4, hatched bar) or for the uas-shits1 transgene (gray bar)
To circumvent this lethality, we used a new approach remember as well as wild-type flies at 348C (P . 0.2 and
that allows us to temporally inactivate DPM cell function P . 0.1, respectively).
in adult flies. The shibire gene encodes a mictrotubule- Elevated temperature (348C) has a significant detri-
associated GTPase, dynamin, that is involved in endocy- mental effect on memory of all strains tested. However
tosis and is essential for synaptic vesicle recycling (van at 348C memory scores of wild-type and the singly trans-
der Bliek and Meyerowitz, 1991). The temperature-sen- genic flies are statistically indistinguishable. This con-
sitive allele, shits1, is defective in vesicle recycling at trasts to the complete abolition of memory in the c316;
restrictive temperature (.298C) resulting in a rapid uas-shits1 combination at the restrictive temperature. In
blockade of synaptic transmission (Chen et al., 1991; addition, the restrictive temperature does not have a
Koenig and Ikeda, 1989). Restricted expression of the significant effect on the olfactory acuity or shock reactiv-
shits1 allele (using tissue specific GAL4 expression and ity of wild-type or c316; uas-shits1 flies (see Experimental
a uas-shits1 transgene) in photoreceptor cells or in cholin- Procedures). Therefore, functional perturbation of DPM
ergic neurons, of wild-type flies leads to temperature- cell function (the predominant site of amn expression,
dependent blindness or to paralysis, respectively (Kita- Figure 2) with the uas-shits1 transgene mimics the amn1
moto, submitted). shits1 probably acts dominantly by phenotype. These data support a role for the DPM cells
forming nonfunctional multimers. In our study, we used as a crucial locus of AMN in olfactory memory.
the c316{GAL4} driver line (Figure 3) to restrict expres- Two studies have suggested that the performance of
sion of uas-shits1 to DPM cells in otherwise wild-type amn flies may be due to developmental defects (Hitier
flies. We assayed olfactory learning and memory at both et al., 1998; DeZazzo et al., 1999). We find that inducible
acute inactivation of DPM cell vesicle function pheno-the permissive temperature of 258C and at the restrictive
amnesiac Cells and Memory
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copies the amn1 mutation. This implies that secretion in
the c316 cells is needed acutely for memory.
Expression of the amn Gene in DPM Cells Rescues
Memory in amn Mutant Flies
We used the c316{GAL4} insertion to reestablish amn
gene expression in the DPM cells of flies which have
their normal amn gene deleted, amnX8 (Figures 5a and
5b) to determine if we could restore memory. Flies with
the amnX8 allele display reduced initial learning in addi-
tion to abbreviated memory (Figure 5a and DeZazzo et
al., 1999). Figure 5a shows that the amnX8; c316; uas-
amn#1 combination rescues immediate learning (P .
0.1) and 1 hr memory (P . 0.05) to wild-type levels,
whereas amnX8 flies with the uas-amn#1 (white bars) or
the c316 insertion (gray bars) alone learn and remember
like the amnX8 mutant. The sensory acuities of all the
relevant strains are statistically indistinguishable (see
Experimental Procedures). The memory score of amnX8;
c316; uas-amn#1 flies is also indistinguishable (P . 0.2)
from uas-amn#1 in combination with amn promoter con-
trol (the amnc651 GAL4 driver, Figure 5b).
We also demonstrated the ability of another indepen-
dently isolated uas-amn insertion, uas-amn#2, to rescue
memory in combination with the c316 insertion, to dis-
count a uas-amn insertion-specific effect (Figure 5b, last
two columns). The 1 hr memory score of amnX8; c316;
uas-amn#2 flies is similar to wild-type (P . 0.2) and
significantly higher (P , 0.05) than amnX8; uas-amn#2
flies. In contrast, amnX8; uas-amn#2 flies remember sig-
nificantly less well than wild-type flies (P , 0.001). We
suspect expression from the uas-amn#2 insertion is
leaky because the 1 hr memory score of amnX8; uas-
amn#2 is higher than the memory score of amnX8; uas-
amn#1 flies, without a GAL4 driver (P , 0.05). Neverthe-
less, the rescued component of both memory scores is
similar. Therefore, expression of the amn gene in the
Figure 5. Expression of the amn Gene in DPM Cells Rescues Mem- DPM-cells appears to be sufficient for normal olfactory
ory in an amnX8 Mutant Background
learning and memory in this paradigm.
(a and b) We restored amn expression to the DPM cells with the We next tested whether expressing the amn gene
c316{GAL4} driver in flies otherwise lacking the amn gene (amnX8). elsewhere in the fly brain could rescue memory. We
We assayed olfactory learning and memory (Quinn et al., 1974). chose two GAL4 enhancer-trap lines, c747 (also denoted
(a) Learning and 60 min memory of amnX8; uas-amn#1 flies (white
c772) and c309 (Table 1). Both of these have generallybars) is significantly lower (both P , 0.001) than wild-type flies (black
high “background” expression, and both express at highbars). Learning and 60 min memory in amnX8; c316; uas-amn#1 flies
levels in the intrinsic cells of the mushroom bodies (Yang(hatched bars), which express the amn transgene in DPM cells is
et al., 1995; Connolly et al., 1996; Flytrap [see above]).similar to wild-type flies (P . 0.1 and P . 0.05). Scores of these
Figure 5b shows that both of these drivers (spotted bars)flies (amnX8; c316; uas-amn#1) are significantly higher than amnX8;
uas-amn#1 flies (P , 0.05 for learning and P , 0.001 for memory). fail to rescue the olfactory memory phenotype of amnX8
(b) Expressing amn in DPM cells, but not in mushroom bodies, (P , 0.001 for both drivers) in combination with the uas-
rescues amnX8 1 hr memory. Black bar, wild-type flies; white bars, amn#1 transgene. These results indicate that wide-
uas-amn transgene alone; striped bars, rescued transgenic flies; spread low-level expression in the brain is insufficient
spotted bars, combinations that fail to rescue. The first four columns to rescue the amnX8 defect. They also indicate that amn
are a repeat of the amnX8; c316; uas-amn#1 rescue data shown in
(a). Expressing amn with the mushroom body enhanced c747 or
c309 GAL4 drivers (spotted bars) does not rescue amnX8 learning
(data not shown) or memory. The memory performance of amnX8;
also rescues memory in combination with c316. One hour memory
c747; uas-amn#1 flies is significantly lower than wild-type (P ,
in amnX8; c316; uas-amn#2 flies is similar to wild-type (P . 0.2) but
0.001) but is indistinguishable from amnX8; uas-amn#1 flies that lack lower than amnX8; uas-amn#2 flies (P , 0.05). These data indicate
a GAL4 driver (P . 0.1 and P . 0.2). Similarly, learning (data not that amn expression in DPM cells is sufficient to restore normal
shown) and memory scores of amnX8; c309; uas-amn#1 flies are olfactory memory.
significantly lower than wild-type (P , 0.05 learning and P , 0.001 The mean 6 SEM is plotted for each genotype; n 5 10 values per
memory) but are indistinguishable from amnX8; uas-amn#1 flies, group for wild-type, for amnX8; uas-amn#1, and for amnX8; c316; uas-
lacking a GAL4 driver (both P . 0.2). In contrast, driving amn with amn#1 flies. n 5 8 values per group for amnX8/amnc651; uas-amn #1,
the amnc651 driver (amnX8/amnc651; uas-amn#1 flies), rescues memory for amnX8; c747; uas-amn#1, for amnX8; c309; uas-amn#1, for amnX8;
uas-amn#2, and for amnX8; c316; uas-amn#2 flies.to wild-type levels (P . 0.2). The independent uas-amn#2 transgene
Cell
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expression in the MBs, the proposed targets of DPM findings point to a centrally important cell-signaling cas-
cade (monoamines and neuropeptides to activatecells, is not sufficient to restore memory.
cAMP), acting at a centrally important anatomical locus
(the mushroom bodies), to produce associative learningDiscussion
in Drosophila. Evidence for related mechanisms has
been found in other organisms, specifically in bees, inChemical ablation of the Drosophila Mushroom Bodies
Aplysia, and in mammals.(MBs) indicates that these structures are absolutely re-
In honeybees, the VUMmx neuron appears function-quired for olfactory learning (de Belle and Heisenberg,
ally related to the Drosophila DPM cells. The single1994), for memory in courtship conditioning (McBride
VUMmx1 neuron is demonstrably crucial for rewardet al., 1999) and for context generalization in a visual
learning (Hammer, 1993; Hammer and Menzel, 1995;learning paradigm (Liu et al., 1999). Other learning-
Montague et al., 1995). Honeybees can associate spe-related genes are preferentially expressed in the intrinsic
cific odors (CS) with a sucrose reward (US), resultingcells of the mushroom bodies, but amnesiac is not. In-
in an enhanced probability of odor-evoked proboscis-stead, it is predominantly expressed in two DPM neu-
extension response (PER). Stimulating the VUMmx1rons that lie outside the MBs and that ramify all around
neuron substitutes for the gustatory US in paired trainingthe MB lobes (Figures 2 and 3). (These DPM cells appear
(Hammer, 1993). This neuron, which synthesizes octo-similar, perhaps identical to cells identified by the Mz717
pamine, innervates three neuropil areas of the bee brain:enhancer-trap line [Ito et al., 1998]). The target neuropil
antennal lobes, mushroom body calyces, and lateralof the secreted amn gene product is almost certainly the
protocerebra. Local injection of octopamine into eithermushroom bodies because of the striking neuroanat-
the antennal lobe or the MB calyx can substitute for USomy of DPM cells. The MBs are thought to integrate
presentation or VUMmx1 stimulation in PER condition-multimodal sensory information, and the output of such
ing (Hammer and Menzel, 1998). Evidently the VUMmx1processed information travels down the Kenyon cell
(and its secreted octopamine) mediates a positive rein-neurites to the MB lobes.
forcement in honeybee PER learning, just as fly DPMs,The location of the AMN neuropeptide strongly sug-
secreting AMN peptides, mediate persisting negativegests that it modulates information processing in the
reinforcement in Drosophila olfactory learning (KandelMBs. Consistent with this, a genetically induced block-
and Abel, 1995).ade of AMN neurosecretion from a limited number of
A second invertebrate system has similarity to Dro-cells, of which the DPM cells are by far the most promi-
sophila. In Aplysia the gill and siphon withdrawal reflexnent, abbreviates memory as does the original amn1
can be sensitized and associatively conditioned. In thismutation (Figure 4). Furthermore, selective reestablish-
creature, the reinforcing behavioral stimulus appears toment of amn expression in DPM cells, in flies otherwise
be mediated by a monoamine (serotonin) released indeleted for the amn gene, restores normal memory (Fig-
parallel with several peptide neurotransmitters, such asures 5a and 5b). DPM cells are a critical site of amn
the small cardiac peptides (Abrams et al., 1984; Mackeygene expression; and expression of AMN product in
et al., 1989; Hooper et al., 1994; Fox and Lloyd, 1997,
these cells is necessary and sufficient for normal olfac-
2000; Vilim et al., 2000).
tory memory. Our finding that DPM cells lie outside the
There are also evident molecular parallels in mam-
MBs, but that they ramify over all the MB lobes, lends
mals. In rats and mice, monoaminergic neurons have
credence to the critical role of MBs in olfactory learning demonstrable reinforcing effects in learning and mem-
and memory. ory (Berke and Hyman, 2000); and dopamine regulates
We attempted to ablate the DPM cells by expressing late-phase hippocampal long-term potentiation (Frey et
cell-death genes (hid or reaper) in them, but no adult al., 1990; Huang and Kandel, 1995; Matthies et al., 1997).
flies were obtained. We circumvented this problem with As for peptides, a mammalian homolog of AMN, PACAP,
a dominant-negative transgene construct, uas-shits1 may be involved. Genes for its receptor are expressed
(T. K., submitted), that could be transiently induced by in the hippocampus (Shioda et al., 1997; Otto et al.,
heat to inactivate neurosecretion—in our case from DPM 1999). Nevertheless, in mammals, the involvement of
cells in adulthood. Judging from our results, the uas- neuropeptides in behavioral reinforcement is currently
shits1 method can successfully define neurons that are not understood, perhaps because there are so many
necessary for learning and memory. The method allows peptides, perhaps because the anatomy is so complex.
an unprecedented regional control (with GAL4 lines) and Studies in mammals and particularly in Drosophila
temporal control (with heat) of transmitter release from strongly suggest that these molecular substrates of be-
identified neurons. havioral reinforcement are related to drug addiction.
AMN neuropeptide(s) stimulates cAMP production Across animal phyla, addictive drugs engage the same
(Feany & Quinn, 1995; Moore et al., 1998). The inferred molecular pathways as does associative learning—
AMN peptide has limited homology to the mammalian release of monamine and peptides and production of
neuropeptide (PACAP), which dramatically stimulates cAMP (Berke and Hyman, 2000). The addictive drugs
adenylyl cyclase activity in mammals. Four other learn- cocaine and methamphetamine both potentiate mono-
ing-related gene products that affect the cAMP cascade amine transmitter action by inhibiting reuptake (Iversen,
(the RUT adenylyl cyclase, the DNC phosphodiesterase, 2000). In Drosophila, octopamine mediates acute re-
and the catalytic and the regulatory subunits of PKA sponses to cocaine, nicotine, and ethanol (Bainton et
[DCO and RII]) are expressed at elevated levels in the al., 2000; Li et al., 2000). More strikingly, Drosophila
mushroom bodies (Nighorn et al., 1991; Han et al., 1992; learning mutants that have altered components of the
cAMP cascade (amn, dnc, rut, DCO, and PKA-RII) alsoSkoulakis et al., 1993; Crittenden et al., 1998). All these
amnesiac Cells and Memory
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(including a saturated LiCO2/70% ethanol step to remove picricdisplay dramatically altered responses to ethanol and
acid), rehydrated in 25% sucrose, and mounted frozen in Tissu-tekcocaine (Moore et al., 1998; Park et al., 2000). In fact,
(Miles Inc.) on a cryostat chuck. Fourteen micron sections were cutan allele of amnesiac was the first ethanol-sensitive mu-
and retrieved on gelatinized glass slides. Sections were preincu-
tant to be identified (Moore et al., 1998). bated for 30 min in PBT1NGS (PBS with 0.1% Triton X-100, 0.1%
Recent work (Zars et al., 2000) shows that expression bovine serum albumin [BSA] and 5% normal goat serum) and were
then incubated with a 1:500 dilution of affinity-purified AMN-poly-of the rut gene in Kenyon cells is sufficient for olfactory
clonal antibody (the affinity-purified AMN-polyclonal was first preab-learning, and indicates that the MBs are a critical locus
sorbed to amnX8 embryos overnight at 48C) for 48 hr, at 48C infor the signal-integrating properties of the RUT Ca21/
PBT1NGS (with Triton X-100 to 0.2% and NaCl to 500 mM to in-calmodulin-stimulated adenylyl cyclase. Our current
crease stringency). Slides were then washed with six changes of
study markedly refines this anatomical picture of fly PT (1.86 mM NaH2PO4, 8.41 mM Na2HPO4, 175 mM NaCl, 0.1% Triton
learning. AMN is strongly expressed in two DPM cells X-100) and were incubated overnight in PBT1NGS, with secondary
HRP-coupled goat anti-rabbit IgG (Jackson ImmunoResearch Labs)that innervate all the lobes of the two mushroom bodies
at 1:500 dilution. After frequent washes with PT for several hours,(but not the MB calyces or the pedunculi). The rut gene
peroxidase activity was visualized with the Ni21-enhanced DAB re-is expressed in the Kenyon cells that give rise to the
action. DAB-stained tissue was cleared in glycerol. The stainedmushroom bodies; and the RUT cyclase is much more
tissue was photographed with a Zeiss Axiophot microscope.
abundant in the lobes than in other parts of the MBs The methods for LacZ immunohistochemistry and X-Gal staining
(Crittenden et al., 1998). This expression pattern of RUT of head sections have been described (Armstrong et al., 1998; Yang
et al., 1995). Confocal analysis was performed on a Molecular Dy-suggests that the cyclase functions principally in the
namics Multiprobe laser scanning confocal microscope with Im-MB lobes, where it is directly accessible to secreted
ageSpace 3.2 software (Molecular Dynamics).AMN peptide(s). Most plausibly, AMN acts directly on
the MB lobes, to lengthen and potentiate behavioral
uas-amn Transgenic Fliesassociations that have been made in these lobes by
A DNA fragment encompassing the complete amn ORF (Moore
persistent activation of the RUT adenylyl cyclase. et al., 1998) was subcloned under the control of a GAL4-UAS in
the transformation vector pUAST (Brand and Perrimon, 1993). Two
Experimental Procedures independent transgenic lines were generated in a Cantonized-
white genetic background by standard transformation techniques
Fly Strains (Spradling, 1986). Both inserts are homozygous viable and autoso-
Fly stocks were raised on standard cornmeal food at 258C and mal. The uas-amn transgenes were crossed into a w, amnX8 back-
40%–50% relative humidity on a 12 hr:12 hr light:dark cycle. The ground and were homozygozed using the mini-w1 eye color marker
wild-type Drosophila strain used in this study is a white line that on pUAST. Behavioral analysis performed in the Heberlein labora-
was extensively isogenized to Canton-S wild-type. The amnesiac tory (UCSF), and by us (data shown in Figure 5) suggests that expres-
alleles, amnchpd, amn28A, amnX8 were described previously (Moore et sion from uas-amn#2 is leaky. For this reason, we biased our analysis
al., 1998). The uas-lacZ strain is described (Armstrong et al., 1998). toward the more silent uas-amn#1.
AMN-Specific Antibodies Preparation of Transgenic Flies for Behavioral Analysis
Rabbit polyclonal anti-AMN antibodies were commercially gener- Adult flies that express the uas-shits1 gene specifically in DPM cells
ated. Rabbits were injected with an HPLC-purified synthetic peptide, were generated by crossing homozygous w, uas-shits1; uas-shits1
PLCNDSETKVLTKWPSCSLI, selected from the AMN sequence females to homozygous w; c316{GAL4} males. All progeny from this
(Feany and Quinn, 1995; Moore et al., 1998). The crude antisera were cross carry two copies of the uas-shits1 transgene and one copy of
commercially made by Malvern Industries. These crude antisera the c316{GAL4}-driver. Heterozygous w; c316{GAL4} and w, uas-
had reactivity with fly extracts that appeared to be nonspecific in shits1; uas-shits1 flies were generated by crossing homozygote fe-
Western blots. However, reactivity to a bacterially produced Gluta- males to w males. A mixed population of sexes was tested in the
thione S-Transferase AMN fusion protein (GST-AMN) was readily olfactory avoidance paradigm.
detectable. We affinity-purified the antisera. For this we made a For rescue of the amnX8 memory defect, the c316{GAL4} driver
GST-amn gene fusion with an insertion of an amn PCR fragment was crossed into flies with a w, amnX8 background. amnX8 flies with
encoding amino acids 31–180 from the amended gene sequence the DPM-specific driver, c316{GAL4} and the uas-amn transgenes
(S.W. and others in Moore et al., 1998, Figure 4) preceded by a were generated by crossing w, amnX8; c316 males or females with
plausible alternatively spliced first exon (S.W., unpublished) into the respective flies of the opposite sex that had the genotype w,
pGEX-5X-1 (Pharmacia). Bacterially produced GST-AMN protein amnX8; uas-amn#1 or w, amnX8; uas-amn#2. All progeny from these
was immobilized on CNBr-Sepharose (Pharmacia), following the crosses were homozygous for amnX8, and heterozygous for both
manufacturer’s instructions. Aliquots of crude anti-AMN polyclonal the c316{GAL4} driver and the uas-amn transgene. Mixed sex popu-
serum were precipitated with ammonium sulfate (Harlow and Lane, lations were used in behavioral analyses. Male flies with the geno-
1988), resuspended in phosphate-buffered saline (PBS; 1.86 mM type w, amnX8; c747; uas-amn#1 and w, amnX8; c309; uas-amn#1
NaH2PO4, 8.41 mM Na2HPO4, 175 mM NaCl), and incubated with were generated by crossing amnX8; uas-amn #1 homozygous fe-
GST-AMN sepharose beads overnight at 48C. Columns were pre- males to w; c747 or w; c309 males respectively.
pared from the slurry and extensively washed with PBS-containing
500 mM NaCl and then PBS. Purified antibody was eluted in 3.5 M Behavioral Analysis
MgCl2 and dialyzed 33 overnight against PBS with 0.02% azide. The olfactory avoidance paradigm was performed essentially as
Aliquots were stored in 50% glycerol at 2208C. This purified anti- described previously (Quinn et al., 1974). The Performance Index
body preparation was used for the immunohistochemistry described (PI) is calculated as the number of flies avoiding the conditioned
here. odor minus the number of flies avoiding the unconditioned odor
divided by the total number of flies in the experiment. A single PI
value is the average score from populations of flies tested withImmunohistochemistry
Tissue was treated essentially as described in previous immunolo- each odor (3-octanol [OCT] or 4-methylcyclohexanol [MCH]). All
data presented is n 5 10 for each genotype unless stated otherwise.calization studies of neuropeptides (Taghert and Schneider, 1990;
Patel, 1994), with the following modifications: Adult heads were Experiments involving the temperature-sensitive uas-shits1 trans-
gene were performed at 258C and 348C. Flies were placed at 348Cremoved with razor blades and fixed overnight in Bouin’s fixative
(70% picric acid, 25% formalin, 5% acetic acid). After fixation, the 15–20 min prior to beginning the experiment. Statistical analyses
were performed using Microsoft Excel 1998 (for Macintosh). Overallheads were dehydrated in a 50%, 70%, 90%, 100% ethanol series
Cell
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analyses of variance (ANOVA) were followed by planned compari- Bainton, R.J., Tsai, L.T., Singh, C.M., Moore, M.S., Neckameyer,
W.S., and Heberlein, U. (2000). Dopamine modulates acute re-sons among the relevant groups.
In tests of olfactory acuity, untrained flies were given 30 s to sponses to cocaine, nicotine and ethanol in Drosophila. Curr. Biol.
10, 187–194.choose between a tube containing a nonelectrified grid painted with
an odor (1:200 dilution of OCT in ether or 1:100 dilution of MCH) Berke, J.D., and Hyman, S.E. (2000). Addiction, dopamine, and the
as used in the conditioning experiments and a tube containing an molecular mechanisms of memory. Neuron 25, 515–532.
unscented, nonelectrified grid in the T-maze. Percent avoidance
Brand, A.H., and Perrimon, N. (1993). Targeted gene expression as
was calculated as the number of flies avoiding the scented tube
a means of altering cell fates and generating dominant phenotypes.
divided by the total number of flies in each trial, multiplied by 100.
Development 118, 401–415.
Temperature did not significantly affect olfactory acuity of either
Chen, M.S., Obar, R.A., Schroeder, C.C., Austin, T.W., Poodry, C.A.,wild-type flies (OCT, P . 0.2 and MCH, P . 0.2) or w, uas-shits1;
and Wadsworth, S.C. (1991). Multiple forms of dynamin are encodeduas-shits1; c316 flies (OCT, P . 0.2 and MCH, P . 0.2). Avoidance
by shibire, a Drosophila gene involved in endocytosis. Nature 351,scores for wild-type flies at 258C were OCT, 70 6 7 and MCH, 64 6
583–586.4. At 348C wild-type avoidance scores were OCT, 69 6 4 and MCH,
70 6 4. For w, uas-shits1; uas-shits1; c316 flies at 258C the avoidance Connolly, J.B., Roberts, I.J., Armstrong, J.D., Kaiser, K., Forte, M.,
scores were OCT, 70 6 5 and MCH, 64 6 5. Avoidance scores at Tully, T., and O’Kane, C.J. (1996). Associative learning disrupted by
348C were OCT, 68 6 5 and MCH, 63 6 4. Avoidance scores of impaired Gs signaling in Drosophila mushroom bodies. Science 274,
these strains at both temperatures are statistically indistinguishable 2104–2107.
by overall ANOVA (OCT, P . 0.2 and MCH, P . 0.2). n 5 8 for 258C Crittenden, J.R., Skoulakis, E.M., Han, K.A., Kalderon, D., and Davis,
scores and n 5 10 for 348C scores. R.L. (1998). Tripartite mushroom body architecture revealed by anti-
Transgenic expression of amn (uas-amn#1) with the c316 driver genic markers. Learn. Mem. 5, 38–51.
did not significantly affect olfactory avoidance. Avoidance scores
de Belle, J.S., and Heisenberg, M. (1994). Associative odor learning
for OCT were wild-type 70 6 7, amnX8; uas-amn 65 6 4 and amnX8;
in Drosophila is abolished by chemical ablation of mushroom bod-
c316; uas-amn 71 6 6. For MCH, wild-type 64 6 4, amnX8; uas-amn
ies. Science 263, 692–695.
71 6 5 and amnX8; c316; uas-amn 63 6 6. Avoidance scores of these
DeZazzo, J., Xia, S., Christensen, J., Velinzon, K., and Tully, T. (1999).strains (n 5 8 per genotype) are statistically indistinguishable by
Developmental expression of an amn(1) transgene rescues the mu-overall ANOVA (OCT, P . 0.2 and MCH, P . 0.2).
tant memory defect of amnesiac adults. J. Neurosci. 19, 8740–8746.Electroshock avoidance was performed and calculated similarly.
Untrained flies were given 30 s to choose between a tube containing Feany, M.B., and Quinn, W.G. (1995). A neuropeptide gene defined
an unscented electrified grid and a tube containing an unscented, by the Drosophila memory mutant amnesiac. Science 68, 869–873.
nonelectrified grid. Electric shock avoidance is unaffected by tem- Fox, L.E., and Lloyd, P.E. (1997). Serotonin and the small cardioac-
perature. Wild-type flies have avoidance scores of 88 6 2 at 258C tive peptides differentially modulate two motor neurons that inner-
and 89 6 3 at 348C. w, uas-shits1; uas-shits1; c316 flies have avoidance vate the same muscle fibers in Aplysia. J. Neurosci. 17, 6064–6074.
scores of 84 6 1 at 258C and 86 6 2 at 348C (n 5 8 for 258C scores
Fox, L.E., and Lloyd, P.E. (2000). Role of cAMP in the short-termand n 5 10 for 348C scores). The avoidance scores of these strains,
modulation of a neuromuscular system in Aplysia. J. Neurophysiol.irrespective of temperature, are all statistically indistinguishable by
83, 1567–1579.overall ANOVA (P . 0.2).
Frey, U., Schroeder, H., and Matthies, H. (1990). Dopaminergic an-c316-driven amn (uas-amn#1) expression has no significant affect
tagonists prevent long-term maintenance of posttetanic LTP in theon electric shock avoidance. Avoidance scores are wild-type 88 6
CA1 region of rat hippocampal slices. Brain. Res. 522, 69–75.2, amnX8; uas-amn 81 6 3 and amnX8; c316; uas-amn 81 6 3 (n 5 8
per genotype). The avoidance scores of these strains are statistically Grotewiel, M.S., Beck, C.D., Wu, K.H., Zhu, X.R., and Davis, R.L.
indistinguishable by overall ANOVA (P . 0.2). (1998). Integrin-mediated short-term memory in Drosophila. Nature
391, 455–460.
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